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low fibers in high-flux dialyzers may result in a significant in-Effects of a reduced inner diameter of hollow fibers in hemodia-
crease of the blood compartment resistance. In turn, this resultslyzers.
in increased rates of internal filtration and backfiltration. TheBackground. The clearance of middle molecules in high-flux
practical effect in clinical dialysis is demonstrated on middlehemodialyzers is due to the higher contribution of convection in
molecules. While, in fact, the clearances for small solutes suchthe overall solute transport. Although net filtration can be
maintained low by the machine control, internal filtration in as urea and creatinine are not affected, the clearances of larger
the proximal part of the dialyzer remains high. The final fluid solutes such as vitamin B12 or inulin increase significantly
balance is achieved by significant amounts of backfiltration (P , 0.01).
in the distal part of the dialyzer. To increase further middle
molecule clearance (MMK), hemodiafiltration has been used.
This technique, however, requires complex machines and large
Several lines of evidence demonstrate the importanceamounts of substitution fluid. We present a novel solution to
increase the convective transport of middle molecules in high of middle molecule removal in hemodialysis [1]. The
flux dialyzers without the need for substitution fluids. In partic- use of high-flux membranes and the increased use of
ular, high-flux dialyzers with a reduced hollow fiber diameter convective techniques have permitted improvements in
are compared with standard dialyzers in terms of internal fil-
the efficiency of hemodialysis, leading to better removaltration and solute clearances.
of solutes in the middle molecular weight range [2, 3].Methods. Hemodialyzers with 175 m inner diameter polysul-
fone fibers were compared with standard 200 m polysulfone The improvement achieved with synthetic membranes
hollow fiber dialyzers. The study was carried out in vitro using is mainly due to their higher hydraulic permeability and
a previously published method to measure internal filtration their increased sieving capacity compared with classicand backfiltration rates. The method is based on the detection
cellulose membranes. These properties result in higherby a g camera of segmental variations in concentration along
middle molecule clearance. This clearance improvementthe length of the dialyzer of a nondiffusable Tc99-labeled
marker molecule injected in the blood in vitro circuit. At the is due to larger amounts of ultrafiltration per treatment
same time, pressures were detected in the blood and dialysate and a more important contribution of convection to the
compartment. The system was operated at zero net filtration overall transport process [4].maintaining volumetrically constant both dialysate and blood
Synthetic high-flux membranes are used both in Eu-circuits. In vivo clearances were also measured for solutes with
rope and the United States, with different modes ofdifferent molecular weight.
Results. The pressure drop in the blood compartment at 300 application [5, 6]. In Europe, high-flux dialysis and hemo-
mL/min of blood flow passed from 112 to 159 mm Hg. At diafiltration (HFD and HDF) are used as treatment mo-
the same blood flow, the internal filtration-backfiltration rates
dalities for chronic renal failure. Conventional HDF usesincreased from 23.1 to 48.2 mL/min. This resulted in a signifi-
large convective transport with ultrafiltration rates ofcant increase of in vivo in clearances of vitamin B12 and inulin
of more than 30%. Urea, creatinine, and phosphate clearance more than 70 mL/min. Since the ultrafiltration rate ex-
did not display any change. ceeds the rate of desired weight loss in the patient, sterile
Conclusions. A reduction of the inner diameter of the hol- replacement fluid must be administered. Net ultrafiltra-
tion rate in the patient will be equal to the difference
between total ultrafiltration rate and reinfusion rate. To-Key words: solute transport, dialyzer, middle molecule clearance, bio-
compatibility, high flux hemodialysis, fluid balance. tal ultrafiltration varies between 12 and 15 L per session.
The enhanced convective transport in HDF permits an
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Fig. 1. Schematic representation of three pos-
sible pressure profiles in hollow fiber hemodi-
alyzers. In the first case, the pressures in the
system are simply governed by the flows and
the resistances of the blood and dialysate com-
partment. No external interventions are made,
and the amount of filtration reflects the char-
acteristics of the membrane permeability and
the geometry of the hemodialyzer. In the sec-
ond case, the dialysate compartment pressure
is increased to reduce the amount of filtration
up to a point in which TMP is zero at the outlet
of the filter. The amount of ultrafiltration in
this case is defined “critical.” This condition
describes the minimal amount of filtration re-
quired in the hemodialyzer to prevent backfil-
tration. From this point, any further reduction
of filtration will lead to backfiltration. The
third case describes the pressure profile in con-
ditions of zero net filtration. The pressure gra-
dient in the proximal part of the dialyzer is
positive, and the pressure gradient in the distal
part of the dialyzer is negative. The amount
of filtration is exactly the same as the amount
of backfiltration. These three conditions are
schematized for simplicity, since the pressure
drop in the blood compartment and the profile
of oncotic pressure along the length of the
dialyzer are not linear.
ment are the complexity of the system and the increased fying the geometry of the hollow fibers. The rates of
filtration-backfiltration at a given blood flow were di-costs over conventional hemodialysis caused by large
amounts of substitution fluid. rectly correlated to the resistance of the filter, that is, to
the pressure drop in the blood compartment and that inIn the United States, high-flux membranes are com-
monly used in HFD. In HFD, net filtration rates are the dialysate compartment. We have already demon-
strated that filtration-backfiltration rates can be in-volumetrically controlled. This results in a complex fluid
balance within the dialyzer where true filtration rates are creased by the application of a fixed O-ring external to
the fibers bundle to alter the dialysate end-to-end pres-counterbalanced by significant amounts of backfiltration.
In this setting, convective transport is partially main- sure drop [12]. In the blood compartment, this effect
could be achieved by modifying the length of the filtertained, and the clearance of large molecules is improved
over conventional hemodialysis, although not as much and/or its cross sectional area. The cross-sectional area
of a dialyzer may be modified by changing the numberas in HDF [10]. The magnitude of net filtration in HFD
is controlled by the dialysis machine. The amount of true of hollow fibers in the bundle or by using hollow fibers
with a different inner diameter. A reduced inner diame-filtration and backfiltration, in contrast, are determined
by the hydraulic permeability and surface of the mem- ter, in fact, was expected to increase proximal filtration
and distal backfiltration, by increasing the resistance tobrane, by the geometry of the dialyzer, and by the hydro-
static and oncotic forces acting on the dialysis membrane. flow in the blood compartment. As a second effect, im-
proved convective removal of large solutes was expectedSpecific pressure and ultrafiltration profiles can therefore
be schematized for different treatment conditions de- because of the increased internal filtration.
In this article, we hypothesize that internal filtrationpending on the net ultrafiltration desired and the con-
sequent pressure adjustment in the dialysis machine and middle molecule clearance can be enhanced in ex-
perimental high-flux hemodialyzers with reduced hollow(Fig. 1).
In previous studies, we measured the internal water fiber inner diameter. The effect should be achieved
throughout by an increase in the resistance of the bloodfluxes in high-flux dialyzers using an experimental dial-
ysis circuit at zero net filtration [11]. In such conditions, compartment in order to obtain higher positive trans-
membrane pressure (TMP) gradient in the proximal partthe rate of filtration and concomitantly of backfiltration
could be precisely determined. of the filter and a greater negative pressure gradient in
the distal part. In an ultrafiltration-controlled systemThe aim of the present study was to determine whether
convective transport and the rates of filtration-backfil- with a preset net ultrafiltration, this will result in in-
creased amounts of filtration-backfiltration with no needtration could be increased in high-flux dialyzers, by modi-
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Fig. 2. The in vitro circuit of a dialyzer.
Closed dialysate and blood circuits prevent
any possible net ultrafiltration. The dialyzer
is placed on a collimator of a g camera, and
the marker molecule is injected in the blood
circuit. A Geiger Muller counter ensures that
no leaks occurred in the membrane. The setup
permits the measurement of the concentration
of the marker molecule along the length of
the filter. Increases in concentration remain
for ultrafiltration while decreases in concen-
tration remain for backfiltration [11].
for replacement solutions. The net fluid balance will in sure drop in the blood and dialysate compartments was
assessed with blood flow rates (Qb) 5 300 mL/min andfact be maintained unchanged, but the contribution of
convection should be increased. dialysate flow rates of 500 mL/min.
Internal cumulative filtration (Uf) was calculated byTo test this hypothesis, we compared standard high-
flux dialyzers with 200-micron internal diameter hollow the percentage positive variation of the concentration of
the marker molecule from the inlet of the filter to thefibers, with experimental dialyzers with modified 175-
micron inner diameter hollow fibers. The area, geometry, point of peak value along the length of the dialyzer, by
the formula:and design of the two dialyzers were identical, and the
only difference was the inner diameter of the hollow
Uf 5 Qbi 3 (1 2 Ci/Cx)fibers.
The hypothesis was tested with in vitro and in vivo where UF is cumulative filtration, Qbi is inlet blood flow
studies designed to compare the two different hemodia- rate, Ci is the count of the marker molecule at the inlet
lyzers. of the dialyzer, and Cx is the peak count of the marker
molecule along the length of the dialyzer.
Cumulative backfiltration (Bf) was determined by the
METHODS percentage negative variation of the concentration of
Dialyzer design the marker molecule from the point of the peak value
to the outlet of the dialyzer by the formula:Two different groups of hemodialyzers were tested:
(1) a high-flux polysulfone 0.7 m2 hollow fiber dialyzer
Bf 5 Qbo 3 (1 2 Co/Cx) 5 (Qbi 2 Uf) 3 (1 2 Cx/Co)equipped with standard 200 m inner diameter hollow
fibers (F 40; FMC, Bad Homburg, Germany); and (2) a where Qbo is the blood flow at the outlet of the filter,
and Co is the count of the marker molecule at the outlethigh-flux polysulfone 0.7 m2 hollow fiber dialyzer equipped
with modified 175 m inner diameter hollow fibers. of the dialyzer.
The scintigraphic pattern of the dialyzer was acquiredBoth filters were equipped with high-flux polysulfone
membrane (PS 600; FMC). Filters were 24 cm long and utilizing a Toshiba GCA 90 b Gamma Camera equipped
with a Leap Collimator and stored on a 256 3 256 matrixhad 5600 fibers in the bundle.
with a 1.5 zoom as previously described [11, 12].
In vitro study The end-to-end pressure drop was measured in the
two filters within a blood flow range of 100 to 500 mL/Dialyzers with the modified hollow fiber geometry
min. The filtration-backfiltration study was carried outwere compared with standard dialyzers by monitoring
at a blood flow of 300 mL/min.blood and dialysate inlet and outlet pressures in closed
circuit at zero net filtration (Fig. 2). Tc99 albumin macro-
In vivo studyaggregate (Tc99AlbMA), a nondiffusable marker mole-
cule, was added to the blood in order to measure filtra- The modified and the standard dialyzers were tested
in a randomized sequence in 10 end-stage renal diseasetion and backfiltration with a g camera according to a
method previously described by Ronco et al [11]. Pres- patients on regular dialysis treatment. All patients were
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correctly informed and gave their consent. The study phenomenon is graphically depicted on the side curve
was approved by the local ethical committee. where a very compressed scale impedes the precise eval-
In each patient, the standard and the modified dialyz- uation of the progressive changes. The results of the
ers were studied in two subsequent midweek dialysis graphic computerized analysis of the Tc99AlbMa con-
sessions. The Qb was set at 300 mL/min, and Qd was centration profiles for both the modified and the stan-
set at 500 mL/min. Treatment time was 240 minutes in dard dialyzers are displayed in Figure 5. The separate
all sessions. The pressure drop in the blood and dialysate console used for the analysis provides both a numerical
compartment was monitored by digital manometers evaluation of the segmental concentration of the marker
(Digidyne, Renal System, Minneapolis, MN, USA). The molecule along the length of the filter, and a graphical
extracorporeal solute clearances were determined for representation of the curve is displayed in Figure 5. The
urea, creatinine, phosphate, vitamin B12, and inulin both peak change in concentration, as compared with the inlet
from the blood and dialysate sides using the following value, for the modified dialyzer is 22.94%, implying fil-
clearance formulas: tration-backfiltration rates of 48.2 mL/min. The peak
concentration change for the standard HF dialyzer isBlood side clearance (mL/min)
only 10.06%, implying a 23.1 mL/min ultrafiltration-
5 [(Qbi 3 Cbi) 2 (Qbo 3 Cbo)]/Cbi backfiltration. The similar values of concentration of the
marker molecule found at the inlet and at the outlet ofwhere Cbi is the blood inlet concentration, Cbo is the
the filter demonstrate that no net filtration occurred inblood outlet concentration; Qbi is the inlet blood flow,
the filter. This, however, was a precondition for the studyand Qbo is the outlet blood flow (Qbo 5 Qbi 2 Qf,
and was hydraulically guaranteed by the use of sealedwhere Qf is the net ultrafiltration rate). For solutes con-
blood and dialysate circuits.fined to plasma water, blood flow was substituted with
The measurement of inlet and outlet blood and dialy-plasma flow.
sate pressure together with the relative changes in con-
Dialysate side clearance (mL/min) 5 (Cdo 3 Vdo)/Cbi centration of the marker molecule along the length of
the filter permits a calculation of ultrafiltration profileswhere Cdo is the dialysate outlet concentration, and Vdo
along the length of the dialyzers (Fig. 6). The profile ofis the dialysate outlet flow (10 minutes direct determina-
filtration and backfiltration is not symmetrical, and whiletion). Two clearance study periods were carried out in
filtration takes place in the first one third of the filter,each session, respectively, at 30 and 150 minutes. Clear-
backfiltration is occurring in the remaining two thirds ofance values were calculated from the mean of the blood
the filter. Although the surface areas a and a1 are identi-and dialysate side measurements. Inulin and vitamin B12
cal (as a result of the two integrals of ultrafiltration fromwere injected in a single dose (inulin 5 20 mg, vitamin
Ci to Cx and from Cx to Co, respectively), their shapesB12 2000 IU) after 10 minutes from the beginning of the
are different, and the point of flux inversion is exactlysession, while the same amount was subsequently infused
at 39/100 of the length of the fibers from the inlet.on a continuous basis throughout the session. Stable
According to the present results, the hypothesis of anvalues can therefore be obtained for the first and second
increased internal filtration with a reduced inner diame-clearance study periods. The stability of plasma values,
ter of the hollow fibers was demonstrated.however, is not essential for an accurate clearance mea-
surement; it is indeed sufficient to achieve a stable value
In vivofor the solutes during the 10 minutes in which dialysate
No technical problems occurred during the dialysisis collected and blood sample is drawn.
sessions studied. Heparin requirement, blood rest in the
filter, and clotting complications were not different in
RESULTS the two series of hemodialyzers. Ultrapure dialysate was
In vitro used for the experiments using a specially designed on-
line hemofilter to maintain microbiological purity of theThe values of inlet and outlet pressure in the two filters
dialysate. Consequently, no pyrogenic reactions were ob-are reported in Figure 3. A complete set of pressure
served during the sessions. Figure 7 displays the mea-values in the blood and dialysate compartments of the
sured clearances for urea, creatinine, phosphate, vitamintwo studied filters analyzed at a blood flow of 300 mL/
B12, and inulin for both the modified and the standardmin is reported in Table 1.
dialyzers. There was a significant difference between theA pictorial view of the imaging technique used for the
modified dialyzer and standard dialyzer for vitamin B12analysis is shown in Figure 4 as an example. The blood
clearances (P , 0.01) and inulin clearances (P , 0.01).inlet is from the top, and the outlet is from the bottom.
The clearances of urea, creatinine, and phosphateThe relative change in color corresponds to the relative
variation of concentration of the marker molecule. The were not significantly different between the two dialyz-
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Fig. 3. The pressure drop in the blood compartment is displayed at different blood flows. The resistance of the blood compartment is significantly
higher in the modified dialyzer.
Table 1. Pressure values in the studied filters each side of the membrane. In each point of the dialyzer,
during image acquisition
the local pressure differential is termed TMP. When the
Standard F 40 Modified F 40 TMP is positive, the water flux is from the blood compart-
Qb 300 300 ment to the dialysate compartment. When the TMP is
Qd 500 500 negative, backfiltration occurs. The aim of this study
Pbi 15067 19869
was to enhance the removal of middle molecules byPbo 3864 3965
Pdi 10765 135611 increasing the positive pressure differential in the proxi-
Pdo 4364 5666 mal part of the dialyzer, thus increasing internal filtra-DPb 11264 15966
tion. Adequate net filtration is maintained by the ultra-
Abbreviations are: Qb, blood flow (mL/min); Qd, dialysate flow (mL/min);
filtration control system by a parallel increase of thePbi, hydrostatic pressure at the inlet of the blood compartment of the filter
(mm Hg); Pbo, hydrostatic pressure at the outlet of the blood compartment negative pressure differential in the distal part of theof the filter (mm Hg); Pdi, hydrostatic pressure at the inlet of the dialysate com-
partment (mm Hg); Pdo, hydrostatic pressure at the outlet of the dialysate dialyzer. This results in increased rates of proximal fil-
compartment of the filter (mm Hg); DPb, end-to-end pressure drop in the blood tration and distal backfiltration without affecting thecompartment.
“net” filtration rate.
The relationship of TMP, Uf, and membrane ultrafil-
tration coefficient (Kuf) is expressed by:
ers, although a constant trend could be observed in favor
Kuf 5 Uf/TMPof the modified dialyzer.
High-flux membranes have a Kuf .20 mL/h/mm Hg.
Therefore, these membranes can have UF rates of 4000DISCUSSION
mL/h with a TMP 5 300 mm Hg. The clearance of middleHemodiafiltration enhances middle molecule clear-
molecules at this UF rate would be ideal, but the patientances; however, the need to replace the ultrafiltrate with
cannot tolerate these rates. HDF, as carried out in Eu-sterile solutions makes this modality complex and costly.
rope, operates in conditions of high filtration rates, butVolumetrically controlled hemodialysis with high-flux
significant amounts of replacement fluid are required tomembranes (high-flux dialysis) also improves middle
maintain the patient’s fluid balance.molecule clearances as compared with standard hemodi-
In HFD, volumetric control regulates the net ultrafil-alysis, without the need for substitution fluid. In this
tration; however, as stated previously, the convectivemodality, however, the convective removal of middle
transport is limited by the rate of internal filtration. Mod-molecules is limited by the rate of internal filtration.
ification of the dialyzer structure could increase theInternal filtration is governed by the hydraulic and
oncotic forces acting along the length of the dialyzer on peaks of positive and negative TMP along the length of
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Fig. 4. Images of the two filters analyzed with
the g camera. (A and B) The increased con-
centration of the marker molecule in the cen-
tral portion of the modified hemodialyzer (B)
can be visually captured from the change in
color. The curve of the radioactive count is
displayed on the right side of the filter image.
the dialyzer, thereby increasing filtration and backfiltra- to prepare ultrapure dialysate. The reinfusion via backfil-
tration provides an extra step of safety, since the fluid istion [12].
When high rates of backfiltration are used, a high qual- filtered again across the hemodialysis membrane prior to
reaching the blood compartment.ity of dialysate is needed to prevent any inconvenient or
side-effect related to pyrogen transfer into the patient’s Modification of the inner diameter of the polysulfone
fiber may become an interesting approach to increasingcirculation [13, 14]. For this treatment, the use of the latest-
generation hemodialysis machines is strongly suggested. the pressure differential across the membrane (TMP)
without introducing major changes in the dialyzer design.New machines are equipped with a built-in pyrogen filter
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Fig. 5. Relative changes in concentration of
the marker molecule are displayed for the two
filters along the length of the fibers. It is evi-
dent that no net filtration occurred since the
concentration of the molecule is equal at the
inlet and at the outlet of the filters. The peak
values are obtained at 4 out of 10 of the filter
length and are significantly different for the
two filters. The peak change in concentration,
as compared with the inlet value, for the modi-
fied dialyzer is 22.94%, implying filtration-
backfiltration rates of 48.2 mL/min. The peak
concentration change for the standard HF dia-
lyzer is only 10.06%, implying a 23.1 mL/min
ultrafiltration-backfiltration.
Fig. 6. From the calculation of the local ultra-
filtration (Uf) and backfiltration (Bf) rates,
the overall ultrafiltration profile can be de-
scribed. It is evident that the pressure profile
along the length of the hemodialyzer is not
linear. Furthermore, although the areas a and
a1 are identical, their shapes are different. This
phenomenon can be explained by a modifica-
tion of blood viscosity, and oncotic power of
plasma as water is removed by ultrafiltration
in the first portion of the hemodialyzer.
In our experiments, this approach resulted in a positive may result in dramatic changes in its performance. In
our study, a reduction of the inner diameter of the fiberincrease in the transmembrane pressure in the proximal
portion of the dialyzer and a negative increase in the resulted in an improved filtration rate in the proximal
half of the dialyzer, with a complementary increase indistal portion of the dialyzer. The difference in pressure
drop between the two filters is significant, as it is pre- backfiltration in the distal part of the dialyzer. With net
filtration rates near zero, the increases in filtration anddicted by the Hagen-Poiseuille formula:
backfiltration were doubled compared with the standard
DP 5 Qb 3 (8hl/pr4)
high-flux dialyzer.
One may speculate that a reduction of the inner diame-where DP is the end-to-end pressure drop, Qb is the
blood flow, and h is the blood viscosity. ter of the hollow fiber will also result in an increase of the
average blood flow velocity per fiber and a consequentSince the pressure drop in a fiber correlates with the
internal radius of the fiber to the fourth power, it seems increase in wall shear rates. This additional factor may, in
fact, result in a “cleaning” effect at the blood/membranelogical to attempt solutions that involve modifications of
the fiber geometry. In this study, we demonstrated that interface. Higher shear rates, in fact, lead to a reduction
of the thickness of the protein boundary layer andeven small changes of the inner diameter of the fiber
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Fig. 7. Solute clearances are displayed for the two groups of dialyzers. While no effect is observed for the small solutes, the clearances of larger
solutes are significantly higher in the modified dialyzers.
improve membrane permeability, counterbalancing the The presence of an ultrafilter in the dialysate delivery
line is advisable even in conditions of “regular” high-concentration polarization phenomenon. This will cer-
tainly help not only to obtain a better performance of flux dialysis. In these conditions, in fact, backfiltration
regularly occurs, and the risk of backtransport of pyro-the membrane in terms of filtration rates at a given local
TMP gradient, but also optimize utilization of the sieving genic compounds may represent a possible complication.
It has been demonstrated that chronic inflammation maycapacities of the membrane.
From this observation, the importance of the blood represent an important cause of malnutrition, hospital-
ization, and death; therefore, any attempt should beflow rate as a major determinant of convective clearance
becomes evident. In fact, at a given blood flow, the viscos- made to avoid proinflammatory effects of the hemodialy-
sis system. The issue rising with this approach concernsity of blood and the cross sectional area of the conduct
govern the end-to-end pressure drop in the blood com- the increased cost of the procedure. However, almost
all machines of the new generation are now equippedpartment. If blood flow is increased, the end-to-end pres-
sure drop will increase according to the Hagen-Poiseuille with a system for dialysate filtration, and the cost is
absorbed by the routine procedure and by the possibilitylaw and so will the TMP gradient in the proximal and
distal part of the hemodialyzer. For these reasons, the of reuse of the ultrafilters.
As expected, Kt/V was not modified by the increasesame amount of convective transport will be obtained
in the modified dialyzer at lower blood flow rates. There in internal filtration. This aspect is also technically ex-
plained by the absence of significant changes in the clear-is, in fact, a good chance to achieve a remarkable convec-
tive clearance during high-flux dialysis without reaching ances of small molecules like urea. The fact that internal
filtration is increased and no replacement solutions aredangerously high filtration fractions and increased risk
of clotting in patients who cannot be treated with tradi- required points out the possibility of considering this
approach as a valid alternative to HDF. In a 180-minutetional convective therapies such as hemofiltration or
HDF because of insufficient blood flow. dialysis session, assuming a blood flow of 350 mL/min,
the internal filtration rate averages 50 mL/min. There-No significant hemodynamic changes occurred in the
sessions carried out with the modified dialyzer, showing fore, we can calculate a convective clearance of about
9 L per session, which is exactly the amount of convectionthat the increased amount of backfiltration did not result
in significant hemodynamic effect. This was certainly a provided by most HDF schedules. Ensuring an excellent
quality of the dialysate, no replacement fluid is required,demonstration of the outstanding quality of dialysate and
its microbiological purity. A dialysate filtration device and the cost of the treatment can be significantly reduced.
The final consideration concerns the better performance(Diasafet; Fresenius Medical Care, Bad Homburg, Ger-
many) was always used in the dialysate delivery line to of the hollow fibers in filtration-backfiltration mode, as
compared with filtration-postdilution mode. In the latterprevent possible backtransport of bacterial products.
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